G-quadruplex DNA (GqDNA) structures play an important role in many specific cellular functions and are promising anti-tumor targets for small molecules (ligands). Here, we measured the dynamic Stokes shift of a ligand (Hoechst) bound to parallel c-Myc (mPu22) GqDNA over five decades of time from 100 fs to 10 ns, and compared it with the previously reported dynamics of DAPI bound to antiparallel human telomeric (hTelo22) GqDNA (Pal et al 2015 J. Phys. Chem. Lett. 6 1754). Stokes shift data from fluorescence up-conversion and time-correlated single photon counting experiments was combined to cover the broad dynamic range. The results show that the solvation dynamics of Hoechst in parallel mPu22 GqDNA follow a power law relaxation, added to fast 2 ps exponential relaxation, from 100 fs to 10 ns, with only a subtle difference of power law exponents in the two ligand-GqDNA systems (0.06 in Hoechst-mPu22 compared to 0.16 in DAPI-hTelo22). We measured steady-state fluorescence spectra and time-resolved anisotropy decays which confirm the tight binding of Hoechst to parallel mPu22 with a binding constant of ~1 × 10 5 M −1 . The molecular docking of Hoechst in parallel GqDNA followed by a 50 ns molecular dynamics (MD) simulation on a Hoechst-GqDNA complex reveals that Hoechst binds to one of the outer G-tetrads by end-stacking near G13 and G4, which is different from the binding site of DAPI inside a groove of antiparallel hTelo22 GqDNA. Reconciling previous experimental and simulation results, we assign the 2 ps component to the hydration dynamics of only weakly perturbed water near mPu22 and the power law relaxation to the coupled motion of water and DNA (i.e. DNA backbone, unpaired bases and loops connecting G-tetrads) which come near the Hoechst inside parallel GqDNA.
Introduction
The water around DNA and proteins plays an important role in maintaining their structure and functions [1, 2] . The hydration dynamics around these biomolecules, perturbed by them, facilitate many important biochemical processes such as protein folding [3] , enzyme catalysis [4] , DNA-protein [5, 6] and DNAligand interactions [7, 8] . In fact, such hydration dynamics, coupled with biomolecular and counterion motion, can give rise to the dispersed dynamics of solvation in DNA and proteins [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, this effect is found to be significant in DNA [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , possibly because of the complex coupled motions of charged DNA, water and ions, which on most occasions show dispersed solvation dynamics from femtoseconds to nanoseconds, inherently following a power law relaxation [9] [10] [11] [12] [13] [14] [15] [16] . Recent molecular dynamics (MD) simulations have also indicated some of the unique location-dependent characteristics of the (perturbed) hydration dynamics around DNA, which are somewhat different from those around proteins [23, 24] . Nevertheless, although a number of experimental and simulation studies have been devoted to understanding hydration/solvation dynamics in duplex DNA [9-18, 23, 24] , such studies have been scarce in other DNA structures, including quadruplex DNA [19] .
Over the years, quadruplex nucleic acid structures have gained special attention because of their vital role in several specific functions inside the cell such as genomic stability and replication, telomere maintenance, transcription and translation regulation, and their promising anti-tumor activity [25] [26] [27] . Non-canonical G-quadruplex DNA (GqDNA) structures are formed by the self-assembly of repetitive guanine-(G)-rich DNA sequences in the presence of Na + or K + ions and/ or induced by small molecules (ligands) [25] [26] [27] [28] . These structures are stabilized by Hoogsteen-type hydrogen bonds between guanines, thereby forming various morphologies such as parallel, anti-parallel, hybrid, etc (figure 1) [25] [26] [27] [28] . Previous studies indicate that in the human genome such quadruplex structures can form in the telomeric ends as well as in the promoter regions of several oncogenes [25] [26] [27] . Recent studies have also confirmed that these structures are not only formed in vitro, but also inside human cells [29] . Because of their promising role as anti-cancer drug targets and sensors, tremendous attention has been paid of late to the synthesis and development of small molecules (ligands) that can specifically target GqDNA structures. Furthermore, several quadruplex-specific ligands have been developed which have been used to detect the structural change and reactivity of quadruplex DNA [30, 31] , as well as monitor their role in various label-free assays for screening helicase activity [32] , protein tyrosine kinase [33] , exonuclease activity [34] , etc.
Compared to duplex DNA, quadruplex DNA possesses high structural diversity. Moreover, recent studies show that changes in local hydration/solvation severely influence GqDNA structures [35, 36] as well as the binding of small molecules to them [37] . However, little is known about the dynamics of solvation/hydration around GqDNA. Only recently, our group has reported the results on the dynamics of the solvation of a ligand (DAPI) bound inside the groove of human telomeric antiparallel GqDNA, showing for the first time that such dynamics follow a power law relaxation (added to fast exponential relaxations) from 100 fs to 10 ns, which resemble the dynamics found in duplex DNA [19] . A direct comparison of the experiment and the MD simulation results, followed by the decomposition of the (simulated) energy correlation function revealed that the water and DNA parts that come within ~9 Å of the ligand control the dispersed solvation dynamics in GqDNA [19] . However, it is still unknown how different GqDNA/probe structures as well as probe locations inside GqDNA affect such dynamics. This paper elaborates on these issues by monitoring the dynamic Stokes shift of Hoechst non-covalently bound to a parallel c-Myc (mPu22) GqDNA structure and comparing it with the previously reported Stokes shift dynamics of DAPI bound to antiparallel human telomeric (hTelo22) GqDNA [19] . The results show power law relaxation (added to fast exponential relaxation) from 100 fs to 10 ns, but with only a subtle difference in the power law exponents of the two ligand-GqDNA structures. Steady-state fluorescence spectra and timeresolved anisotropy decay measurements confirm the tight binding of Hoechst to the parallel mPu22 GqDNA structure. An MD simulation of 50 ns performed on the Hoechst-GqDNA complex reveals that Hoechst binds to the outer G-tetrad by end-stacking near G13 and G4, which is different from the previously reported binding site of DAPI inside the groove of antiparallel hTelo22 GqDNA [19] . All these exper imental and simulation results confirm that the dispersed dynamics of solvation in the GqDNA depend only subtly on the GqDNA/ probe structures and probe locations, which inherently follow a power law relaxation.
Experimentally, the dynamic Stokes shift in a complex medium is measured by following the timedependent fluorescence spectral shift of a (probe) molecule, embedded inside that medium, after excitation of the probe by a short laser pulse. Such measurements can capture molecular dynamics in sub-picosecond to nanosecond time scales. Fluorescence Stokes shift measures the collective dynamics of the electrostatic interactions of the probe with its surrounding molecules [38] . The charge distribution of the probe changes immediately after (light) excitation, which eventually forces the surrounding charged/dipolar molecules to move around the probe so as to stabilize the overall interaction energy. The lowering of energy with time is then captured by monitoring the fluorescence spectral shift of the probe. Hence, time-resolved emission spectra (TRES) measure the local solvation dynamics in complex media. Such experiments have been widely used to study the solvation dynamics in pure water [38] , proteins [39] [40] [41] , duplex DNA [9] [10] [11] [12] [13] [14] [42] [43] [44] [45] [46] [47] , protein DNA complexes [6, 48] , ionic liquids [ 49, 50] , macromolecular systems [51] , and also in biological cells [52, 53] .
Dynamic Stokes shift studies on duplex DNA using covalent attachment and minor-groove-bound probes have been reported [9] [10] [11] [12] [13] [14] [42] [43] [44] [45] [46] [47] . Using covalently attached base-stacked coumarin, Berg and co-workers showed for the first time that DNA dynamics extend into nanosecond time-scales [42] . Subsequently, Zewail and workers reported the dynamic Stokes shifts of covalently attached 2-aminopurine and groove-bound Hoechst, showing similar dynamics in duplex DNA [43, 44] . Ernsting and co-workers reported the dynamic Stokes shift of HNF and showed that it is mainly water that contributes to the local dynamics inside duplex DNA at fast time-scales [45] . Later, Pal and co-workers reported the nanosecond dynamics in duplex DNA using groove-bound Hoechst and DAPI [46] . However, combining the dynamic Stokes shift of covalently attached coumarin over a broad time range, Berg and co-workers later showed that the solvation dynamics in duplex DNA follow a single power law relaxation with the exponent 0.15 from 40 fs to 40 ns [9, 10] . Recently, our group have shown that the dynamic Stokes shift of groove-bound DAPI in duplex DNA follows a similar power law until ~100 ps-although beyond 100 ps the dynamics converge to equilibrium through exponential relaxations [11, 12] . It has also been shown that such dynamics are modulated by the change in base sequences near the DAPI binding site [13] . However, it was not known how the dynamics of solvation occur in higher order GqDNA structures until our group reported the first study of the dynamic Stokes shift of groove-bound DAPI in antiparallel hTelo22 GqDNA [19] .
In this paper, we report the dynamics of the solvation of end-stacked Hoechst in parallel mPu22 GqDNA over a broad five decades of time from 100 fs to 10 ns, and compare it with the previously reported dynamics probed by groove-bound DAPI in antiparallel hTelo22 GqDNA [19] so as to understand the effect of quadruplex/probe structures and probe locations on ultrafast solvation dynamics in GqDNA.
Materials and methods

Experimental methods
Sample preparation
Hoechst 33258 (bisbenzimide; figure 2(A)) was purchased from Sigma-Aldrich. The singlestranded 22-mer c-Myc (mPu22) DNA sequence of 5′-TGAGGGTGGGGAGGGTGGGGAA-3′ was from Integrated DNA Technology (IDT). The GqDNA samples were prepared in 10 mM Tris-HCl buffer pH 7.2 with 100 mM KCl by annealing 22-mer oligonucleotide from 95 °C to room temperature (25 °C) over ~5 h. The formation of parallel GqDNA structures was confirmed by a circular dichroism (CD) spectrum (figure 2(B)) obtained using a CD spectrometer (Chriascan, Applied Photophysics). The CD spectrum shows a large positive peak at ~265 nm and a negative peak at ~243 nm, indicating the contribution from the all-parallel conformation of the GqDNA structure [54] . Before preparing the Hoechst-GqDNA samples for the time-resolved measurements, the binding kinetics of Hoechst to mPu22 GqDNA were performed by titrating the GqDNA with a constant Hoechst concentration. For the time-resolved measurements we chose a sample with a [mPu22]/[Hoechst] ratio of 50 : 1, where the Hoechst fluorescence nearly saturates (see figure 3 (B) below). At this ratio, most of the Hoechst molecules are bound to the GqDNA. In the fluorescence up-conversion (UPC) measurements, the Hoechst concentration was 20 µM and the mPu22 concentration was 1 mM, whereas in the time-correlated single photon counting (TCSPC) measurements, the Hoechst and mPu22 concentrations were kept at 1 µM and 50 µM, respectively. The concentration dependence on the measured fluorescence decays was checked with two other samples of [mPu22]/[Hoechst] = 80 : 1 and 45 : 1. The decays were identical in both cases, which indicates that at a working ratio of 50 : 1 all the Hoechst molecules are bound to the DNA-or at least that there is no effect from the small fraction of free dye (if any) on the overall decay of the DNA-Hoechst complex (data not shown).
Steady-state and time-resolved fluorescence measurements
The steady-state fluorescence spectra were collected in a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) using 5 nm excitation and an emission band-pass. The spectra were corrected using quinine sulfate as standard [55] , and are plotted as photon nm −1 versus nm or photons cm −1 versus cm −1 . For timeresolved fluorescence measurements, the wavelengthdependent decays from tens of femtoseconds to hundreds of picoseconds were collected in a UPC setup (FOG-100). The samples were excited at 375 nm using the second harmonic of a 750 nm laser pulse (pulse width < 100 fs) from a mode-locked Ti:Sapphire oscillator (MaiTai-HP) operating at 80 MHz. The second harmonic of the fundamental was generated by a 0.5 mm thick BBO crystal (θ = 38° and Φ = 90°). The average (375 nm) excitation laser power was kept at ~18 mW to minimize sample bleaching. The residual fundamental (750 nm) laser beam of ~220 mW was used as a gate pulse. The gate beam was directed by an automated optical delay line to introduce delay between the fluorescence and the gate pulse. The fluorescence decays were collected at magic angle polarization by setting the excitation polarization at 35° relative to the horizontal polarization of the fundamental beam and gating the fluorescence with a (horizontal) fundamental beam in another BBO crystal. The instrument response function (IRF) of the UPC setup (measured using water Raman) was ~270 fs. The TCSPC measurements were conducted in a commercial TCSPC setup FL-920 (Edinburgh Instruments) by exciting the samples at 375 nm using a picosecond diode laser (pulse width 60 ps). The fluorescence decays were collected at magic angle polarization using an MCP-PMT. The IRF of the TCSPC setup was ~100 ps.
The steady-state time-zero glass spectrum was measured by freezing the mPu22-Hoechst sample at −78 °C, similar to that discussed earlier [11] . Transparent glass was prepared by mixing glycerol in a buffered sample at a ratio of 1 : 3 (buffer/glycerol) and freezing the sample in a dry-ice/acetone mixture at −78 °C. The fluorescence spectrum of this sample was measured and corrected using quinine sulfate as standard.
Fluorescence anisotropy decay measurements
Fluorescence anisotropy decay provides direct information about whether a fluorophore is bound to a macromolecule or not. The anisotropy decays were measured for free Hoechst in the buffer, and when it was bound to the parallel mPu22 GqDNA using the TCSPC setup. The samples were excited at 375 nm with a vertically polarized laser light and the fluorescence decays were collected at vertical (I ∥ ) and horizontal (I ⊥ ) emission polarization. Finally, the anisotropy decays were calculated as [55] ,
where G is the grating (correction) factor. Subsequently, the anisotropy decays were fitted with a single exponential decay function, and rotational time constants (τ R ) were used to calculate the sizes (hydrodynamic radii; R h ) of free Hoechst and the Hoechst GqDNA complex using the Stokes-EinsteinDebye relation assuming spherical shapes [55] ,
where k is Boltzmann's constant, T is the absolute temperature and η is the solvent viscosity.
Construction of TRES and absolute Stokes shift
The TRES were constructed from fitted multiexponential parameters of wavelength-dependent fluorescence decays. The decays were fitted with sumof-three exponentials by a deconvoluting (Gaussian) IRF of width 270 fs measured in UPC data and an IRF of ~100 ps in the TCSPC data. The fitted parameters were normalized to (corrected) steady-state fluorescence spectra to construct the TRES as,
where I ss (ν) is the frequency-dependent steady-state intensity of the corrected fluorescence spectrum, τ i are exponential time components and a i are the respective contributions. The TRES were constructed from 100 fs to 10 ns. We combined the TRES of Hoechst in mPu22 constructed from UPC data (from 100 fs to 300 ps) and TCSPC data (from ~30 ps to 10 ns) so as to cover a broad five decades of time from 100 fs to 10 ns. The TRES were fitted with a log-normal function, followed by the calculation of the time-dependent Stokes shifts in terms of the 1st moment (mean) frequencies using equation (4):
Finally, to calculate the 'absolute' Stokes shift, the mean frequencies of the TRES at different times were subtracted from the mean frequency of the time-zero glass spectrum measured at −78 °C as,
The absolute Stokes shift thus reports only the diffusive dynamics of solvation, because at low temperatures glass sample diffusive motion is frozen, but vibrational and inertial motion persists [9] [10] [11] .
Simulation methods
Molecular docking
Because there is no available x-ray crystal or NMR structure of Hoechst-mPu22 complex, molecular docking of the Hoechst to parallel Pu24 structure (protein data bank (PDB) id. 2A5P) [56] was performed [64] . The fit to the data finds the binding constant of Hoechst to the parallel mPu22 to be 1 × 10 5 M −1 . The error bars are estimated from repeated measurements at low concentration ratios. (C) The fluorescence anisotropy decays measured for free Hoechst in a buffer and when bound to mPu22 GqDNA. The lines through the data denote the single exponential decay fits. See also inset for the semilog plot which suggests pure single exponential decays (see text for details).
in AutoDock 4.2 [57] prior to MD simulation. The nonpolar hydrogens of GqDNA were merged using Autodock tools (ADT) and Gasteiger charges were assigned. ADT detects the rotatable bonds, assigns the Gasteiger charges and merges the nonpolar hydrogens of the ligand. An active site box of 40 Å × 40 Å × 40 Å with a grid spacing of 0.375 Å was created in Autogrid and the box was placed at the center of the GqDNA structure. Docking calculations were carried out using a Lamarckian genetic algorithm. A population of random individuals (population size: 150) was used with 2 500 000 energy evaluations. A maximum number of 27 000 generations with a mutation rate of 0.02 were used. Fifty independent runs for the ligand binding to the mPu22 GqDNA were performed. A root mean square criterion of 0.5 Å was used to cluster the resulting positions. Finally, the one with the lowest free energy was selected and used for further MD simulation production.
MD simulation
MD simulation of the final docked structure of the Hoechst-GqDNA complex was performed using a Parm99+bsc0 force field in AMBER14 [58] . The molecular mechanic force field parameter and atomic (ground state) charges for Hoechst were obtained from an earlier study by Furse and Corcelli [59] . Since the PDB structure of Pu24 has one inosine instead of a guanine [56] , the force field parameter used to model such inosine was taken from an earlier study by Lankas [68] . The Hoechst GqDNA complex was solvated in a cubic box with 8077 TIP3P water molecules which extend up to 10 Å from the GqDNA in each side. A total of 22 K + ions were added for the charge neutrality of the entire Hoechst GqDNA complex. The system contained 25092 atoms. Energy minimization was carried through the steepest decent and conjugate gradient keeping the complex and ions restrained with a force constant of 300 kcal mol −1 Å −2 , while the water molecules were kept free. The system was subjected to a minimization of 10 000 steps. The entire system was then minimized with 10 000 steps without any restraint. A simulation of 50 ps in an NVT ensemble was then performed with a restraint of 25 kcal mol −1 Å −2 on the Hoechst and the GqDNA, whereas the water molecules and 22 K + ions were kept free. In this step, the temperature of the system was increased from 0 K to 300 K by Langevin temperature control [60] . Another 20 ps of simulation in the NPT ensemble was performed to maintain the proper density of the system with a restraint of 25 kcal mol −1 Å −2 on the Hoechst and GqDNA. The restraint was then decreased to 20 kcal mol −1 Å −2 in the next 20 ps NPT simulation. This was followed by three cycles of 20 ps NPT simulation where the restraint was decreased to 5 kcal mol
. A simulation of 150 ps in the NVT ensemble followed by 50 ps in the NVE ensemble was carried out without any restraint on the entire system. To further equilibrate the system, 2 ns of simulation was performed in the NVE ensemble. Finally, a production simulation of 50 ns with ground state charges of the Hoechst was performed using the CPU codes of the pmemd module of AMBER14 where the entire system was kept flexible. The covalent bonds containing hydrogen were treated with the SHAKE algorithm [61] . The long-range electrostatic interactions were treated with particle-mesh Ewald (PME) [62] . The simulation step size was 2 fs. The MD trajectories were saved in every 1 ps. The final MD trajectories were analyzed in CPPTRAJ of the ABMER14 and Igor Pro software. VMD and Chimera were used for the visualization of the trajectories and preparing the figures.
Results and discussion
Steady-state fluorescence spectra Steady-state fluorescence spectra provide direct information about the local solute-solvent interactions in complex media. In water, the fluorescence quantum yield of Hoechst is very low (~0.034), which is due to non-radiative processes, possibly involving rotation along the bisbenzimide linkage [63] . Upon binding to the mPu22 GqDNA, the Hoechst fluorescence increases several fold. Figure 3(A) shows the relative fluorescence spectra of free Hoechst in a buffer and when it is bound to the parallel mPu22 GqDNA structure through end-stacking. Upon binding to mPu22, the Hoechst fluorescence increases ~80 fold and the emission spectrum shifts toward the blue side by ~32 nm at a 50 : 1 ratio of [mPu22]/[Hoechst], compared to that in an aqueous buffer. These results indicate that the local environment inside DNA plays an important role in shifting and enhancing Hoechst fluorescence upon binding to GqDNA. A similar effect was also reported for Hoechst bound to a human c-Myc GqDNA structure [64] , although the quantum yield change upon binding to GqDNA was smaller than that found here.
Binding constant of Hoechst to mPu22
The binding constant (K b ) of Hoechst to parallel mPu22 GqDNA was calculated from the fitting analysis of the binding isotherm ( figure 3(B) ) of Hoechst to GqDNA using the kinetic model proposed by Maiti et al [64] . Analysis extracted a K b of 1 × 10 5 M −1, which is somewhat smaller than that reported for Hoechst binding to a normal (human) c-Myc GqDNA structure [64] . However, the binding constant (K b ) of Hoechst to parallel mPu22 is found to be similar to that reported for DAPI in antiparallel hTelo22 (2.7 × 10 5 M −1
) [19] . We also found from an MD simulation study that Hoechst binds to the c-Myc parallel GqDNA structure through end-stacking to the outer G-tetrad near G13 and G4 (see below).
Fluorescence anisotropy decay
The tight binding of Hoechst to mPu22 is also confirmed from fluorescence anisotropy decay measurements. Figure 3(C) shows the anisotropy decays (equation (1)) of free Hoechst in a buffer and when bound to mPu22 GqDNA. It was possible to fit both decays well to the single exponential function with rotational time constants of 0.47 ns for free Hoechst and 6 ns for the Hoechst mPu22 complex (see figure 3(C) ). The absence of any fast components in the anisotropy decay of the Hoechst mPu22 complex indicates that there is no contribution from the free Hoechst, and also that the binding of Hoechst to mPu22 GqDNA is such that it does not show any fast local motion that affects the fast anisotropy decay-at least within the time window of the TCSPC setup used here.
Using the rotational time constants, and assuming the spherical shapes of the dye and dye-DNA complex, we calculated their sizes (hydrodynamic radii) using equation (2) (see materials and methods). The hydrodynamic radii are found to be ~8 Å and ~19 Å for free Hoechst and the Hoechst-mPu22 complex, respectively. These values compare well with the (approximate) sizes of the Hoechst and the complex measured in snapshots of the MD simulation trajectories.
Binding site of Hoechst in mPu22
The possible binding site of Hoechst in the GqDNA of the c-Myc Pu24 sequence has been reported previously by Phan et al as obtained in the solution NMR [56] . Following the shifting and broadening of the imino proton signal of guanines near the Hoechst binding site, they suggested that Hoechst binding to parallel Pu24 GqDNA occurs through multiple stacking configurations near G13 of the Pu24 sequence [56] . However, the full structure of such a Hoechst-Pu24 complex (PDB file) is not available. Therefore, we conducted the molecular docking of Hoechst to the Pu24 GqDNA structure (PDB id. 2A5P) [56] , followed by 50 ns of MD simulation on the most stable HoechstPu24 complex in AMBER14. (Note that the difference in base sequences of mPu22 and Pu24 is only two extra Gs at the end of the sequence of Pu24, which does not affect the Hoechst binding, as this end is farther from the Hoechst binding site.) We find that Hoechst binds by end-stacking near the outer G-tetrad formed by G4, G8, G13 and G17. In fact, we observed that the imidazole ring attached to the phenol ring of Hoechst actually stacks over G13 as predicted by experiment [56] , where the benzimidazole ring attached to the piperazine ring of Hoechst is rotated significantly such that it becomes nearly perpendicular relative to the rest of the Hoechst structure and stays near G4. The piperazine ring also deviates from planarity with respect to the attached benzimidazole ring ( figure 4(A) ). However, after ~30 ns the entire dye is found to shift toward G17 of the same G-tetrad. This may suggest that Hoechst has multiple stacking conformations near the outer G-tetrad as predicted from the NMR signal [56] . Nevertheless, the overall structure (RMSD) of Hoechst remains similar over the entire 50 ns simulation ( figure 4(B) ); also, the imidazole ring attached to the phenol ring remains nearly parallel to the outer G-tetrad over the entire simulation run. We find that there are at least five strong hydrogen bonds (H-bonds) formed between the Hoechst and GqDNA: the O6 atom of G13 forms an H-bond with the HN3 atom of the imidazole nitrogen (N3) of Hoechst with an occupancy of ~88%, the O2P of G17 is H-bonded to the HO group of Hoechst with ~33% occupancy, the HN1 of imidazole nitrogen (N1) forms an H-bond with O5′ of T1 with a ~31% occupancy and O4′ with a ~21% occupancy. It also forms an H-bond with N7 of A3 with a ~30% occupancy (see figure 4(A) ). These H-bonds, together with π-stacking and electrostatic interactions, facilitate tight Hoechst binding to the parallel mPu22 GqDNA.
We calculated the distribution of water molecules which came within the first shell (4 Å), second shell (4-8 Å) and third shell (8-12 Å) of Hoechst solvation over an entire 50 ns simulation. We found that on average there were ~45, ~209 and ~580 water molecules that came within the first, second and third shells, respectively. This clearly indicates that the Hoechst has access to a large number of water molecules to remain highly hydrated within the parallel mPu22 GqDNA structure. This situation may actually indicate that the hydration dynamics near Hoechst play an important role in stabilizing the ligand inside the parallel mPu22 structure (see below).
Fluorescence decays
In order to follow the dynamics of solvation in parallel GqDNA over a broad time range, we measured the wavelength-dependent fluorescence decays of Hoechst bound to parallel GqDNA formed by an mPu22 sequence using fluorescence UPC and TCSPC techniques. A total of nine decays in the UPC and 20 decays in the TCSPC, distributed over the entire steadystate spectrum, were measured in the UPC and TCSPC, respectively. Figures 5(A) and (B) show the fluorescence decays measured using the TCSPC and UPC techniques along with their multi-exponential decay fits, respectively. The decays show the characteristic features of solvation dynamics, namely, fast decay at the blue ends, fast rise followed by slow decay near the peak wavelengths, and slow rise followed by slow decay at the red ends. This indicates the effect of solvation dynamics on fluorescence transients. The sum of three exponentials is used to fit the decays, and the fitted parameters are used for further reconstruction of the TRES and dynamic Stokes shift (see below).
Time-resolved emission spectra
Previous studies have shown that the dynamics of solvation in duplex DNA and GqDNA are spread over broad time-scales [9] [10] [11] [12] [13] [14] 19] . Hence, a single experimental technique does not have the timewindow to measure all the dynamics over a broad time range. In fact, the measurable time resolution and maximum time-window for a given experimental setup such as UPC or TCSPC is pre-defined. Moreover, the measureable decay time depends on the lifetime of the probe. Hence, it is practically difficult to capture all the Stokes shifts in complex systems starting from zero-time, even after the deconvolution of the IRF.
To circumvent these problems to some extent, we combined the TRES as constructed from the UPC and TCSPC data so as to cover a broad time-window of five decades, from ~100 fs to 10 ns. It was only possible to achieve the lowest reliable time point of the TRES (at 100 fs) in the UPC after the deconvolution of the IRF of ~270 fs. We collected the UPC and TCSPC decays in such a manner that a range of common time points from the two techniques remains in the final Stokes shift data. The TRES of Hoechst in parallel mPu22 GqDNA were constructed from fitted parameters of fluorescence decays and the steady-state spectrum, as described in the materials and methods.
Figure 5(C) shows the TRES of Hoechst inside parallel mPu22 GqDNA from 100 fs to 10 ns. The time-zero glass spectrum, measured at −78 °C, is also included in the plot. Clearly, it can be seen that even at 100 fs we miss a portion of the diffusive solvation dynamics relative to the time-zero glass spectrum, primarily because of the limited time resolution of our UPC setup (~270 fs). The TRES data obtained from the UPC (100 fs to 300 ps) and TCSPC (~30 ps to 10 ns) techniques was merged in a selfconsistent manner at common time points of the two techniques in a similar way, as discussed earlier [19] . This merging technique allowed us to have overlapping dynamic Stokes shifts at the common time points of the two techniques. Figure 5(D) shows the matching of the Stokes shifts (1st moment frequency shifts) with the time obtained from the UPC and TCSPC, which show the excellent overlapping of data at the common time points of the two techniques. The Stokes shifts of the UPC and TCSPC match extremely well within the common time range of ~30 ps to ~300 ps. However, at the time points < ~30 ps (for TCSPC data) and < ~100 fs (for UPC data), the Stokes shift values are not reliable, because these techniques have limited time resolutions. Nevertheless, this plot clearly indicates that by combining the data set from different techniques one can easily cover a broad time range of dynamics in a complex system like DNA-which in the present case is of five decades.
Comparison of dynamic Stokes shifts in parallel and antiparallel GqDNA
We calculated the 'absolute' Stokes shifts of Hoechst in parallel mPu22 GqDNA using equation (3) (materials and methods). Figure 6 (A) compares the absolute Stokes shifts of end-stacked Hoechst in parallel mPu22 GqDNA to that of groove-bound DAPI in antiparallel hTelo22 GqDNA, as reported earlier [19] ) compared to that of DAPI in antiparallel hTelo22 (2051 cm −1 ) within a window of five decades from 100 fs to 10 ns. This difference could have arisen from the characteristics of the two probes. Alternatively, it could be due to the difference of the local environments of the two probes in the two different GqDNA structures, because Hoechst end stacks to parallel mPu22 while DAPI binds to the groove of antiparallel hTelo22 GqDNA [19] . Figure 6 (A) also shows that the rate of Stokes shift of Hoechst in parallel mPu22 is a bit more stretched at longer times compared to that of DAPI in antiparallel hTelo22. The Stokes shifts of Hoechst could be modeled with a power law summed with an exponential relaxation-the same as that used to model the DAPI data in antiparallel GqDNA earlier [19] :
(7) Fitting the Stokes shift data using equation (7) extracts the parameters S ∞ = 4750 cm −1 , a = 0.86, t 0 = 90 fs, n = 0.06, b = 0.14 and τ = 2 ps.
The fitted parameters show the dispersed solvation dynamics that follow a power law of exponent 0.06, added to the fast exponential relaxation of 2 ps. The solvation dynamics in pure water occur in ~1 ps [38] . Such water dynamics are found to be retarded by [19] . Lines through the points represent the fits using equation (7). The total Stokes shift of Hoechst in parallel mPu22 is found to be larger (2785 cm a factor of 2-3 near the biomolecular surface [65] . The exponential time constant of 2 ps obtained here is also found to be the same as that reported earlier in the case of groove-bound DAPI in antiparallel hTelo22 GqDNA [19] (see the solvation correlation functions C(t) of Hoechst and DAPI in figure 6 (B) for the similarity of dynamics below ~10 ps). In fact, previous MD simulation data on the energy correlation calculation of the DAPI-hTelo22 system showed that the 2 ps dynamics originate from the motion of the first shell water molecules that come within ~4 Å of DAPI [19] . A similar effect is expected in the present Hoechst-mPu22 complex. Thus, we assign the 2 ps component to the hydration dynamics of interfacial water near Hoechst that are only weakly perturbed by the parallel mPu22 GqDNA. Importantly, we found from the simulation trajectories that there are large numbers of water molecules that come near the end-stacked Hoechst inside mPu22 (~45, ~209 and ~580 in the first, second and third solvation shells, respectively). These values are found to be somewhat larger than the numbers of water molecules that come near the DAPI when buried inside a groove of antiparallel hTelo22 (~34, ~56, and ~103 in the first, second and third solvation shells, respectively) [19] . Despite this difference in water numbers, the results suggest similar perturbation by the mPu22 GqDNA to the water in the hydration layers of the Hoechst-mPu22 complex, which show the same water relaxation near parallel mPu22 as in antiparallel hTelo22 GqDNA.
However, we do observe a subtle difference in the power law exponents: 0.06 in the case of end-stacked Hoechst in parallel mPu22 compared to 0.16 in the case of groove-bound DAPI in antiparallel hTelo22, as reported earlier [19] . The exact origin of this difference in long time dynamics is not yet known. However, previous results on the (simulated) energy correlation decomposition of groove-bound DAPI in antiparallel hTelo22 show that it is the (coupled) motion of water and DNA parts, which come within ~9 Å of DAPI, control the power law solvation dynamics beyond ~10 ps [19] . Although we have not calculated the energy correlations for the present Hoechst-mPu22 system, because the simulation was not long enough, we believe that the same situation for DAPI-hTelo22 holds in the present Hoechst-mPu22 system, where the motion of perturbed water and DNA parts that come near the Hoechst control the dispersed power law dynamics. However, we think that the (subtle) difference in power law exponents may originate from the complex coupling of the motion of perturbed water and the DNA backbone, together with the motion of the unpaired DNA bases in the flexible DNA loops that connect G-tetrads. In fact, comparing the local binding sites of Hoechst and DAPI in the two quadruplex structures, it can be found that some parts of the G-tetrad connecting loops and unpaired bases are nearer to the Hoechst as it end-stacks to one of the outer G-tetrad, compared to the DAPI when buried inside a groove of antiparallel hTelo22 ( figure 7) . Thus, we believe the motion of these unpaired DNA bases and DNA loops would also contribute to the water-DNA coupled dynamics, as sensed by the Hoechst in parallel mPu22, which may eventually affect the dispersed power law dynamics in the Hoechst-mPu22 complex.
Finally, it should be noted that the comparison in figure 6 is made using the dynamic Stokes shifts of two different probe molecules (Hoechst versus DAPI) in two different GqDNA structures, instead of one probe molecule. This is because DAPI shows a very low binding affinity to parallel/hybrid GqDNA structures-and thereby low fluorescence quantum yield changewhich prevented us from using it in the present case. However, fortunately, through the present comparison we were able to examine if there was any appreciable effect from the probe structures on the overall solvation response in two different quadruplex structures. In fact, both probes in pure water show a similar (average) solvation response of ~1 ps [19, 59] , in accordance with the theory of solvation which predicts that solvation probes of different structures would show a similar solvent/environ ment response so long as the dipolar characteristics/ specific interactions of the probes do not differ much [66, 67] . This is the case with both probes because the core (dipolar) structure of the two probes [19] , and end-stacked Hoechst in parallel mPu22 GqDNA obtained from an MD simulation in the present study (B). The comparison shows that unlike in the case of the DAPI hTelo22 complex, a few unpaired DNA bases (marked in red) and loops connecting the G-tetrads come close to the end-stacked Hoechst, which may influence the dispersed power law solvation dynamics (see text for details).
contains the same indole ring(s). Hence, we believe that the effect of the probe structure on the overall dynamics in two GqDNA structures is insignificant; instead, the probe locations and GqDNA structures play a bigger role in affecting the dynamics. Nevertheless, the comparison of dynamics in figure 6 indicates only the subtle effect of these factors on the solvation dynamics in different quadruplex DNA structures-at least in those studied here.
Conclusion
The findings of the present study clearly indicate that the dynamics of solvation in parallel and antiparallel GqDNA are nearly similar, and inherently follow power law dynamics over a broad time range-similar to that found in duplex DNA previously. However, unlike in duplex DNA, the dynamics in GqDNA are found to remain similar, irrespective of the probe positions (end-stacked versus groove-bound) in two different GqDNA structures. This, perhaps, may indicate that the site-specific hydration/DNA dynamics in GqDNA do not differ much, and this is eventually reflected in the measured dynamic Stokes shifts of probes bound at different locations inside different GqDNA structures. Nevertheless, many more studies are needed to thoroughly understand the probe site and GqDNA-structure-dependent ultrafast solvation/ hydration dynamics in GqDNA, and we believe that dynamic Stokes shift experiments and long MD simulation studies will contribute significantly to such understanding.
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